Tenofovir is a nucleotide analogue human immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT) inhibitor, and its oral prodrug, tenofovir disoproxil fumarate, has recently been approved for the treatment of HIV-1 infection in the United States. The objective of this study was to characterize the in vitro susceptibility profiles of a large panel of clinically derived HIV-1 isolates for tenofovir. The distribution of tenofovir susceptibilities in over 1,000 antiretroviral-naive, HIV-1-infected individuals worldwide was determined using the Virco Antivirogram assay. In addition, phenotypic susceptibilities to tenofovir and other RT inhibitors were determined in a panel of nearly 5,000 recombinant HIV-1 clinical isolates from predominantly treatmentexperienced patients analyzed as a part of routine drug resistance testing. Greater than 97.5% of isolates from treatment-naive patients had tenofovir susceptibilities <3-fold above those of the wild-type controls by the Antivirogram. The clinically derived panel of 5,000 samples exhibited a broad range of antiretroviral drug susceptibilities, including 69, 43, and 16% having >10-fold-decreased susceptibilities to at least one, two, and three antiretroviral drug classes, respectively. Greater than 88% of these 5,000 clinical isolates were within the threefold susceptibility range for tenofovir, and >99% exhibited <10-fold-reduced susceptibilities to tenofovir. Decreased susceptibility to tenofovir was not directly associated with resistance to other RT inhibitors; r 2 values of log-log linear regression plots of susceptibility to tenofovir versus susceptibility to other RT inhibitors were <0.4. The results suggest that the majority of treatment-naive and treatment-experienced individuals harbor HIV that remains within the normal range of tenofovir susceptibilities and may be susceptible to tenofovir disoproxil fumarate therapy.
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Tenofovir [R-9-(2-phosphonomethoxypropyl)adenine (PMPA)] is a nucleotide analogue inhibitor of the human immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT). Tenofovir and its oral prodrug, tenofovir disoproxil fumarate (tenofovir DF), have been investigated previously in vitro (7, 9, 13, 14) , in vivo in animal models (8, 10, (15) (16) (17) (18) (19) , and in clinical trials with human subjects (1, 2) . Tenofovir DF has recently been approved for clinical use in the treatment of HIV-1 infection in the United States.
To our knowledge, there are no published studies investigating the natural distribution of tenofovir drug susceptibilities among treatment-naive individuals. Similarly, there have been very few published studies relating to mutations in the HIV-1 RT that may potentially confer resistance to tenofovir among treatment-experienced individuals. It has been previously shown in vitro (13, 20) and in vivo in simian immunodeficiency virus (SIV)-infected rhesus macaques (17) that the K65R mutation in the HIV and SIV RT confers three-to fivefolddecreased susceptibilities to tenofovir. This mutation has also been selected at low frequency in vivo in tenofovir DF-treated patients (M. D. Miller et al., 5th Int. Conf. Drug Ther. HIV Infect., abstr. 326, 2001). With respect to cross-resistance, several small studies have reported that, in general, the crossresistance profile for tenofovir appears to be limited (13, 20 The focus of this study was to determine the natural range of tenofovir phenotypic susceptibilities in vitro of clinically derived HIV-1 recombinant isolates from over 1,000 antiretroviral-naive individuals participating in seven clinical studies in the United States, Germany, Canada, and South Africa and to use this information to establish a biologically relevant value for interpreting phenotypic antiretroviral susceptibility data. In addition, we characterized the profile of tenofovir cross-resistance in nearly 5,000 clinically derived recombinant isolates, including many that were highly nucleoside resistant, and identified potential mutations in the HIV RT that confer large decreases in tenofovir susceptibility.
MATERIALS AND METHODS
Study design and patients. The characteristics and origin of the approximately 1,000 antiretroviral-naive plasma samples utilized in this study are described in a previous report (4) . The plasma samples from treatment-experienced patients (n ϳ 5,000) corresponded to consecutive, routine clinical samples sent to Virco for genotypic and phenotypic analysis from the United States and Europe from July to December 2000 (3). Because they were sent for resistance testing, these samples mostly represent treatment-experienced individuals failing their current regimen. However, treatment history is generally unknown, and the samples may not represent a random cross section of the entire HIV-1-infected population.
HIV RNA extraction and genotyping. Viral RNA was extracted from 200-l samples of patient plasma with the QIAamp viral RNA extraction kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions. DNA encompassing part of the pol gene was produced using Expand Reverse Transcriptase (Boehringer Mannheim) as described previously (5) . A 2.2-kb fragment encoding the protease and RT regions was then amplified by nested PCR and sequenced using previously described primers and conditions (5) . The results of the geno-typic analysis were reported as amino acid changes at positions in the RT gene compared to the sequence of wild-type reference strain HXB2.
Phenotypic testing. Phenotypic drug susceptibility analysis was performed by a recombinant assay (5) (Virco, Mechelen, Belgium) with modifications as described elsewhere (R. Pauwels, K. Hertogs, B. A. Larder, et al., 2nd Int. Workshop HIV Drug Resist. Treatment Strategies, abstr. 51, 1998). Briefly, proteaseand RT-encoding sequences were amplified from patient-derived viral RNA with HIV-1-specific primers. After homologous recombination of amplicons into a proviral clone from which the protease-and RT-encoding sequences were deleted, the resulting recombinant viruses were harvested, titrated, and used for testing of in vitro susceptibility to antiviral drugs. The mean IC 50 (the amount of drug required to inhibit recombinant viral production by 50%) was then compared to the mean IC 50 of the same drug obtained when tested with a control laboratory wild-type virus isolate (HIV-1 strain IIIB), and fold change values were reported.
Statistical analysis of cross-resistant isolates. The observed degree of crossresistance to tenofovir and other antiretroviral drugs in our panel of treatmentexperienced isolates was quantified using a linear regression of the log fold change in susceptibilities to different antiretroviral drugs. The results were expressed in terms of the square of the correlation coefficient, r 2 .
RESULTS
The average phenotypic susceptibility (measured in a recombinant virus assay) to tenofovir was determined for HIV-1 samples from Ͼ1,000 treatment-naive, HIV-1-positive individuals from four countries (the United States, Canada, Germany, and South Africa). Phenotypic susceptibility to tenofovir in this population approximated a symmetrical log-normal distribution, with the geometric mean fold change in susceptibility from that of wild type falling near 1.0 (Fig. 1) . The upper normal range for tenofovir susceptibility was defined as the geometric mean ϩ 2 standard deviations, a range that included ϳ97.5% of the treatment-naive samples. This upper limit corresponded to a threefold increase in IC 50 with respect to the wild-type control.
The profile of phenotypic cross-resistance to tenofovir and other classes of antiretroviral drugs (nucleoside analogue RT inhibitors, nonnucleoside RT inhibitors [NNRTIs] , and protease inhibitors [PIs]) was assessed using a panel of ϳ5,000 consecutive clinical samples submitted to Virco for routine drug resistance testing during the second half of 2000. Because drug resistance tests had been ordered, these samples most likely represented treatment-experienced individuals failing their current antiretroviral regimens. Phenotypic analyses of these samples revealed that 69% of samples had Ͼ10-folddecreased susceptibility to a drug from at least one class, 43% had Ͼ10-fold-decreased susceptibility to drugs from at least two classes, and 16% had Ͼ10-fold-decreased susceptibility to drugs from all three classes. Within the nucleoside analogue class, the greatest degree of resistance was observed to lamivudine (3TC) and zidovudine (AZT) with 40 and 17% of samples, respectively, having Ͼ10-fold-decreased susceptibility compared to that for the wild type. Within the NNRTI class, 49% had Ͼ10-fold-decreased susceptibility to at least one NNRTI.
Over 88% of these 5,000 samples were within the threefold normal range of tenofovir susceptibility (Fig. 2) . Large decreases in tenofovir susceptibility were quite rare, with only 4% of samples having Ͼ5-fold decreases in tenofovir susceptibility and only 1% of samples showing Ͼ10-fold decreases in tenofovir susceptibility.
Linear regression analysis of the log fold change in susceptibilities to different antiretroviral drugs was used to quantify The tenofovir susceptibility of HIV-1 samples with reduced susceptibility to nucleoside analogue RT inhibitors was also investigated (Table 1) . Samples with reduced susceptibility to AZT, 3TC, d4T, didanosine, and ABC, defined as greater than the biological cutoff for each drug, remained within the threefold normal range of tenofovir susceptibility in 62 to 85% of samples ( Table 1 ). The greatest cross-resistance was observed for samples with reduced susceptibility to d4T, for which only 25 and 40% remained within the susceptible range for AZT and ABC, respectively. These results and those of the linear regression analyses suggest a complicated pattern of crossresistance to nucleoside and nucleotide analogues where partial cross-resistance is evident and differs among the analogues.
The samples which displayed Ͼ10-fold-decreased susceptibility to tenofovir (n ϭ 51, or 1%) were examined separately. Among these 51 isolates, resistance to tenofovir was most strongly associated with high-level AZT resistance, with only one sample remaining within the normal range of AZT susceptibility. Of the 51 highly resistant isolates, 43 (84%) had multiple mutations associated with AZT resistance, including the T215Y/F substitution in all cases. The median fold decrease in AZT susceptibility overall in this group was 54-fold. The samples with Ͼ10-fold-decreased susceptibility to tenofovir had variable susceptibility to other nucleoside analogues, with 37 and 53% remaining in the normal range for d4T and didanosine, respectively. However, 29% of these 51 isolates showed reduced susceptibility to all drugs in the nucleoside analogue class.
Genotypic correlates of reduced tenofovir susceptibility were also investigated. The K65R substitution, previously associated with tenofovir resistance in vitro (13, 20) and in SIVinfected macaques (17) , and the Q151M substitution, associated with multinucleoside resistance in combination with other mutations (11, 12) , were only infrequently observed in the study samples. Only 37 of ϳ5,000 isolates (Ͻ1%) harbored the K65R mutation. Of these, 21 (56%) and 4 (11%) showed decreases in tenofovir susceptibility of Ͼ3-fold and Ͼ10-fold, respectively. Seventy of ϳ5,000 isolates (Ͼ1.5%) harbored the Q151M mutation, of which only 10 (14%) and 4 (6%) showed decreases in tenofovir susceptibility of Ͼ3-fold and Ͼ10-fold, respectively. There was a tendency for nucleoside RT inhibitor (NRTI)-associated mutations (NAMs), including the M41L, D67N, K70R, L210W, T215Y/F, and K219Q substitutions in the HIV RT (typically associated with decreased susceptibility to thymidine analogues), to also be associated with suscepti- bility to tenofovir. Accumulation of these NAMs was associated with progressive decreases in tenofovir susceptibility. Of the 650 isolates harboring at least one of these NAMs, the observed median fold decreases in tenofovir susceptibility were 1.0, 2.0, and 3.2 for isolates with one or two, three or four, and five or six of these NAMs, respectively. This effect, however, could be partially reversed by the M184V mutation. Of the 720 isolates harboring at least one of these NAMs in combination with the M184V substitution, the observed median fold decreases in tenofovir susceptibility were 0.8, 1.5, and 2.0 for isolates with one or two, three or four, and five or six of these NAMs, respectively. Finally, 32 of ϳ5,000 isolates (Ͻ1%) contained the T69S double insertion, which was associated with a Ͼ3-fold-or Ͼ10-fold-reduced susceptibility to tenofovir in 26 (81%) or 18 (56%) of cases, respectively. FIG. 3 . Linear regression analyses of cross-resistance profiles of HIV-1 isolates obtained from individuals undergoing routine drug resistance testing. Tenofovir susceptibility as determined using the Antivirogram recombinant phenotypic assay is indicated on a log-log scale as a function of susceptibility to efavirenz (EFV) (a), 3TC (b), didanosine (c), ABC (d), d4T (e), and AZT (f). Note that the regression line is deliberately omitted in panel b, due to the observation of two distinct populations. Also note that, if the highly 3TC-resistant isolates (represented by the population on the right in panel b) are excluded from the analysis, the correlation between 3TC and tenofovir becomes stronger (r 2 ϭ 0.23).
DISCUSSION
We assessed the range of phenotypic susceptibilities to tenofovir in vitro using clinically derived HIV-1 recombinant isolates from over 1,000 drug-naive individuals worldwide and used this information to establish biologically relevant cutoff values for phenotypic antiretroviral susceptibility testing in the Virco Antivirogram assay (4). The threefold cutoff, obtained by adding 2 standard deviations to the geometric mean susceptibility value, included Ͼ97.5% of the study population. This value is similar to that obtained using the same samples for determination of the natural range of susceptibilities to d4T and didanosine (4) . Note, however, that this value represents a reference for defining a degree of susceptibility which would be expected to be only rarely observed in an untreated population, i.e., an upper limit of normal. Although the clinically significant degree of resistance to tenofovir in vivo is yet to be established, information included in the U.S. package insert for tenofovir DF tablets associates Ͼ4-fold baseline resistance to tenofovir with reduced virologic response to tenofovir DF.
In the design and investigation of potential new drugs, it is important to consider whether the new drug will be useful as therapy not only for treatment-naive patients but also for patients who may be failing their current regimen. For this reason, we attempted to characterize the profile of cross-resistance to tenofovir in a clinical panel of nearly 5,000 isolates representing predominantly treatment-experienced individuals, a large proportion of whom may have been failing their current therapy. The observation that reduced susceptibility to tenofovir beyond the normal range was infrequent (88% of samples remained within the normal threefold susceptibility range, and 99% fell below 10-fold-reduced susceptibility) among these drug-experienced individuals suggests that a majority of treatment-experienced individuals may retain sensitivity to tenofovir. An investigation into the patterns of crossresistance to tenofovir and other licensed RT inhibitors revealed the greatest correlation of in vitro resistance pattern to be with AZT (r 2 ϭ 0.37), with all other coefficients falling below r 2 ϭ 0.20. These values are considerably lower than those previously reported for the members of the PI class to which there is high cross-resistance (where comparisons of log-log susceptibilities to PIs yielded r 2 values between 0.63 and 0.79) but are comparable to previously observed levels of cross-resistance to the other members of the nucleoside analogue class (with r 2 values ranging from 0.03 for 3TC-d4T to 0.29 for AZT-d4T to 0.42 for 3TC-ABC) (3) . An alternative analysis revealed that Ͼ3-fold-decreased susceptibility to d4T was most closely associated with decreased tenofovir susceptibility, with 38% of samples also having reduced susceptibility to tenofovir. It is important to note that the samples with reduced d4T susceptibility correspond to the fewest, most highly nucleoside analogue-resistant isolates (n ϭ 475 for d4T versus Ͼ1,400 for AZT and 3TC (6, 20) . The observation that the accumulation of common NRTI-associated resistance mutations is associated with decreased tenofovir susceptibility but that this effect decreases with the appearance of the 3TC-associated M184V mutation is consistent with previously reported results from clinical isolates and isolates derived from site-directed mutagenesis (6, 20) . The fact that the K65R substitution is only rarely observed in vivo is also consistent with previous surveys (S. Bloor et al., 4th Int. Workshop HIV Drug Resist. Treatment Strategies, abstr. 169, 2000). To date, very few patients treated with tenofovir DF have developed the K65R mutation (Miller et al., 5th Int. Conf. Drug Ther. HIV Infect.). In our panel of ϳ5,000 samples, phenotypic-genotypic analyses revealed that high-level (Ͼ10-fold) decreased susceptibility to tenofovir was most strongly associated with the HIV-1 RT T69S double insertion and/or multiple resistance mutations associated with AZT resistance, including the T215Y/F mutation. However, this does not necessarily mean that these mutations will be selected by tenofovir therapy in vivo. Studies are under way to characterize those mutations and mutation patterns that may occur as a result of tenofovir DF selection in vivo.
This study evaluated the natural range of susceptibilities and profiles of cross-resistance to tenofovir DF, an anti-HIV nucleotide analogue, in a large, diverse population of HIV-1-infected individuals worldwide. The results from this study suggest that a majority of treatment-naive and treatment-experienced individuals have HIV-1 that may be susceptible to therapy that includes tenofovir DF. 
